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By James J. W a g h e r  and L o u i s  W. Habel 
The presaure drops through electrically  heated  lbconel  tubes with 
length4iameter  ra t ios  of  29.25, 58.50, 87.75, and 117.00 have been . 
measured at entrance Mach nmBera from appoximately 0.12 t o  the value 
at which choking occurred. The heat-input r a t e  was varied from zero 
mental data and a nmiber of computed variable8 m e  presented in tabular 
form. 
c to the  highest  value8 allowable without damaging the tubes. Exper17 
In reference 1 the effects  of heating and compressibility on the 
pressure drop through tubes, &e determined w i t h  the arrangement ahown in  
figures 1 and 2, a r e  presanted for tube8 of $ = 29.25, 58.50, 87.75, 
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Subscripts : 
2 
'2 
r3 
specific.heat of air at constant pressure, Btu per 
pound per 9 (0,24) . .  
radiator-tube diemeter, feet  
acceleration of gravity, feet per second per second 
heat  added. in  radiator,  Btu  per second 
'length af radiator tube, f ee t  
Mach number (v/a) 
mase-flow rate, slugs per second  AT) 
s t a t i c  pressure, pounds per square foot 
t o t a l  pressure at  s ta t ion 2 minus static pressure at 
s ta t ion r , pounds per square foot 3 
free-8trean air temperature, ?!7 abeolute 
velocity in radiator tube,  feet per second 
deneity, slugs per cubic foot 
viscosity of air, pound-seconds per square foot 
statim ahead  of radlator 
s ta t ion within radiator a t  tube entrances 
s ta t ion withln radiator a t  tube  exits 
A schematic diagram of the test setup is shown in figure 1. Air 
from the compressor and supply tank passed through a ste-eated 
radiator and two regulator valves before entering the surge tank ahead 
Of the tube. The regulators allowed the surge-tank preeeure t o  be 
maintalned at any de8ired value. The preheat radiator waa found t o  be 
unnecessary, a8 described in reference 1. The air  flowed from the surge 
tank i n t o  t he  bel l inouth entrance to the tube, through the tube, e-ustlng 
into the atmosphere. . .  . .   . . .  . .  . -  
. 
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Tubes having langth-diameter r a t i o s  of 29.25, 58.50, 87.75, 
and 117.00 were tested. The tubes were made f r am 0.25-inch Inconel 
tubing which wag  reamed end polished t o  a constant  inside diameter 
of 0.205 inch. The tubes were heated by passing an electrfc current 
through them. (&e figure 1.) Parer was furnished by a bank of storage 
bat te r ies  and regulated by mans of a s1ide"wire rheostat. The n-flow 
heat losses were determined i n  order t o  obtain the heat losses under 
test conditians. Each of the bell-uth entrances to   t he  tubes was 
calibrated so that the a,ctud mass flow could be determined during the 
t e s t s  from maasureraents of pressure and temperature at stat ion  2  and 
the pressure a t  s ta t ion r2. The methods used in  the  heat-loss detez- 
minations and bell-uth calibratfons, as well as a further  description 
of apparatus and the t e s t  method, are given in reference 1. 
As discussed in  reference 1, it was found neceesary t o  fix the 
point of transition f r o m  laminar to  turbulent f l o w  a t  the tube entrance 
t o  obtain c0nsif~ben-b da,ta. Figure 2 shom the t ransi t ion s t r ip  which 
was x e d .  The strip consisted of a c-rcial iron cement (-0th-n 
No. 1) a few thausandthe of as inch thick and approximately 1/32 of an 
inch wide. 
In tables  I to m, data are presented f o r  tubes of = 29.25, d 
58.50, 87.75, and 117.00, respectively, with the transition fixed at 
the entrance. Each line of data in the tables represents a test point 
and each table  is divfded into groups of from six to n lne  tes t   points .  
Each group of t e s t  p o h t s  represents a aeries of t e s t  made at  approximately 
canstant pressure drops through the tubes. In each table the f i r s t  
f i ve  columns represant data which axe measured values. These data are  
presented in  units other than those  in  whfch the various parameters were 
measured. Ths heat input E is the actual  heat input to the tube, the 
losses being  subtracted from the measured values of the total   heat  input.  
The msthod used t o  determFne the heat losses is explained in  reference 1. 
The remaining colwrrns are calculated data. The entrance Mach nwfber Mr2, 
t h e  mass"flow r a t e  m, and the Reynolds rider R were computed f r a m  
the measured entrance  conditions. The exit  Mach nmiber %3 and 
temperature were determined after the exit density pr w a s  
computed as shown i n  reference 1. The prese"rre drop8 acrose z he tubes 
were measured t o  the nearest millimeter of tetrabramoethane and a r e  there- 
fore believed accurate t o  approximately 1/2 pound per s q w e  foot. T h e  
pressures pg and pri axe believed to be accurate t o  a t  l e a s t  1 polmd 
per square foot. The  mperatlxre T2 ahead of the  tube is believed 
accurate t o  lo Fahrenheit. To determine the tube exit conditions it wa8 
necessary to solve a simfitaneous equation which involved a comparatively 
small Aifferance of large nmibers; hence M, and T, are probably 
accurate t o  only within approximately 3 or 4 percent for values of 
Tr3 
3 3 
3 
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less than unitr. When sonic velocity i s  attained a t  the tube exits, the 
accuracy with which the exit conditions m y  be calculated is coneiderably 
poorer. All r e m a w  data axe believed accurate t o  within approximately 
1 percent. . - . .  . 
It is  noted that fro= zero t o  the extremely high hea%input ratFo, 
no discontinuities or abrupt changes occur in  any of the measured or 
computed quantities. O f  particular interest i s  the exit Mach number 
which i s  shown t o  remain approximately constant for any particular pressrrre 
drop through the tube regarcUess of the heat-input rate. I n  several 
instances the calculated exit Mach number is above unity. As the  ex i t  
pressure pr w a s  assumed t o  be atmospheric, the t r u e  pressure at  
s ta t ion r3 is mt- known once sonic velocity is attained a t  the rear of" 
the tube. Also, the basic assumptions made i n  deriving the ane-dimensional 
theory which w a s  used t o  compute the tube+xit conditions probably invalidate 
i ts  uBe as the exit Mash nwtiber approaches unity. 
3 
3 
Data obtained for the tube with the lengt-iameter r a t i o  of 29.25 
and a round smoth entrance are presented in  table  V. These data. do not 
show quite the c m i s t e n c y  of the data obtained with the point of trsll- 
s i t i on  fixed at the tube entrance because, &B explained in  reference 1, 
the addition of the heat apparently caused the point of t ransi t ion to 
move forward in the tube even though the  entrance Mach nuniber and Reynolds 
nurdber-remained constant, Only limited data were obtained with the round 
amooth entrance as this   condi t ion  in  no way stimulate8 the tube entrances 
in  ac tua l   tubular   rd ia tors  which undoubtedly have turbulent flow through- 
out their entire length due to   t he  sharp edges at  the entrances. 
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